Abstract. TiO2 was prepared by a sol-gel method and composited with tourmaline to improve the photocatalytic activity utilizing the spontaneous electric field of mineral. Then, the TiO2/tourmaline composites were supported onto Polyvinyl chloride (PVC) gauze to provide a convenient application for degradation of indoor formadehyde (HCHO) gas. The composites were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), automatic surface area and porosity analyzer (BET). The results showed that the grain size of TiO2 decreased after compositing with tourmaline, and the specific surface area of composites is much higher than that of the pure TiO2. The TiO2/tourmaline gauze exhibited excellent photocatalytic activity for the degradation of HCHO (100mg/m 3 ), which was 5 times higher than that of TiO2 gauze. Moreover, the photocatalytic activity of the composite gauze was fully maintained after four photocatalytic cycles. The enhancement of photocatalytic activity was mainly due to the improvement of catalyst surface performances and capture of photoelectrons by electric field of tourmaline.
Introduction
With the rapid development of construction and decoration industry, a great deal of HCHO emitted from furniture and building materials. Even in a very low concentration, HCHO will cause nasal tumors, irritation of the mucous membranes of eyes and respiratory tract, and skin irritation. Hence, HCHO is considered as the major indoor air pollutant and confirmed as a human carcinogen [1] . Catalytic oxidation, which has overcome the disadvantage of the limited removal capacities of the conventional methods (physical adsorption and chemical oxidation) is one of the most important and promising approaches for HCHO elimination [2, 3] .
A lot of semiconductors have been applied in catalytic oxidation for environmental protection, such as TiO2, ZnO, CdS and Cu2O. Among these photocatalysts, TiO2 photocatalyst has attracted much interest because of its high effectiveness, stability and nontoxicity and has been applied to degrade various pollutants (e.g. dye, pesticide, resin, halogenated compound and oily wastewater) [4] [5] [6] [7] . However, the photocatalytic activity of TiO2 for the decomposition of organic pollutants is needed to be improved due to its low quantum efficiency, and it is inconvenient to apply TiO2 powder for air purification.
Tourmaline is a kind of complex borosilicate mineral belonging to the trigonal space group C3v 5 -R3m. The most important feature of tourmaline is the possession of spontaneous and permanent poles, which would produce an electric dipole. Therefore, a strong electric field exists on the surface of a tourmaline granule [8] . The spontaneous electric field of tourmaline could improve the photocatalysis by capturing electrons and inhibiting the recombination of electrons and holes produced by TiO2 [9] . Additionally, considering the inconvenient application of TiO2 powder in indoor air pollution control, herein window screening material is used as a novel support for composite catalyst. This application-oriented approach could provide sufficient surface area for mass transfer, efficiently receive outdoor light and intensify tourmaline's electronic property (piezoelectricity).
In this paper, the TiO2 supported tourmaline composites were prepared by a sol-gel method. Then, the TiO2/tourmaline composites were immobilized onto PVC gauze. The photocatalytic property of the TiO2/tourmaline guaze was evaluated by the degradation of HCHO under UV light irradiation, and the enhancement mechanism of photocatalytic degradation was discussed.
Preparation and Characterization of TiO2/Tourmaline Composites
The tourmaline used in this experiment was purchased from Hongyantianshan Mining Nano-Tech Company (Tianjin, China). The particle size was less than 1 μm. The main chemical compositions of tourmaline were as follows (%, by dry mass): SiO2 46.03, Al2O3 16.71, B2O3 10.24, FeO 0.92, Fe2O3 18.24, TiO2 0.45, Na2O 1.12, K2O 0.06, MgO 2.28, CaO 3.95. The tourmaline was pre-treated with 1 M HCl aqueous solution in ultrasonic instrument for 30 min, washed by deionized water repeatedly, then dispersed under stirring to obtain tourmaline suspension. Tetrabutyl titanate (8.5 mL), ethanol (20 mL) and acetic acid (1.5 mL) were mixed and stirred for 30 min, then the mixture was added into the tourmaline suspension, followed by continuous stirring for 1 h. Ethanol (15 mL), deionized water (3.5 mL) and nitric acid were mixed until the solution pH reached 2, and then dropwise added to above mixture. After stirring for 2 h, the obtained TiO2/tourmaline sol was stirred at 60℃ for 3 h. The obtained gel was dried at 80℃, and then calcinated at 550℃ for 4 h. The TiO2/tourmaline composites were labeled as Ti/T(x%), where x% referred to the mass ratio of tourmaline to TiO2. As comparison, the pure TiO2 sample was also prepared using the same procedure without adding the tourmaline. The as-prepared catalysts were characterized by XRD, SEM, and BET, respectively. Figure 1 showed the XRD patterns of catalysts containing 0-20% tourmaline. It can be found that the mixed-phase of anatase (JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276) existed in pure TiO2 sample. Rutile gradually disappeared with the increase of tourmaline content, which revealed that tourmaline could hinder the transformation of TiO2 crystal form from anatase to rutile or increase the phase transition temperature. The diffraction peaks of tourmaline (JCPDS. NO. 43-1464) were observed in TiO2/tourmaline composites and the peak intensity increased with the increase of tourmaline content. Calculated grain size was ranged from 7 to 23 nm by Scherrer method from the line broadening of the (101) diffraction peak of anatase. As shown in Table 1 , the addition of tourmaline decreased the grain size of TiO2. SEM micrographs of TiO2, tourmaline and Ti/T(20%) were presented in Figure 2 . Comparing to tourmaline, the surface of composites became very rough because the uniform small particles of TiO2 were loaded on the surface of tourmaline particles. Tourmaline weakened the agglomeration of TiO2 nanoparticles and reduced the size of TiO2 particles from about 120nm to 50nm after loading. The BET surface area and total pore volume of the Ti/T(20%) composite were much higher than that of the pure TiO2 (Table 2) , and the average pore diameter of composite decreased to only 7 nm due to the deposition and dispersion of smaller TiO2 particles. In general, the surface properties of catalyst were improved considerablly after the incorporation of tourmaline. 
Preparation and Photocatalytic Activity of TiO2/Tourmaline Gauzes
The obtained TiO2/tourmaline composites were sprayed onto PVC gauze that had been dipped in ethyl cellulose sol, and then the composite gauze was dried at room temperature. The photocatalytic activity of TiO2/tourmaline gauze was evaluated by degradation of HCHO (100mg/m 3 ) in a reactor with a total volume of 1 L. A 27W UV lamps (λ = 254 nm) was used as the light source. Compared with TiO2 gauze (1% adsorption), the TiO2/tourmaline gauzes showed higher adsorption capacity for HCHO. Especially, 57% of HCHO was adsorbed onto the Ti/T(20%) gauze before photocatalytic reaction, which could be related to the high specific surface area of Ti/T(20%) composite. HCHO concentration increased within the initial 10 min of UV irradiation due to the high temperature thermal desorption. Almost all HCHO was desorbed from the gauze in Ti/T(20%) system. However, above 90% of HCHO was degraded within the following 50 min in all Ti/T systems. The removal rate of HCHO over the composite gauzes increased gradually when the tourmaline content increased from 0.5 to 20 %. The apparent rate constant (kobs= 0.206) in Ti/T(20%) system was 5 times higher than that (kobs= 0.043) in TiO2 system. The high photocatalytic activity of TiO2/tourmaline composites could be ascribed to the effective separation of electron-hole pairs in the strong electric field of the tourmaline. The photo-induced electrons from the TiO2 are adsorbed tightly by the tourmaline, so the photocatalytic activity of TiO2 can be improved by inhibiting the recombination of electrons and holes. In addition, the improvement of catalyst surface performances is beneficial to photocatalysis. The increase of tourmaline content enhanced the electron capturing efficiency and the decrease of grain size increased the migration speed of electrons and holes from the inside to the surface of TiO2 grain, thus the degradation efficiency of HCHO increased with the increase of tourmaline content. Herein, TiO2 and tourmaline were immobilized onto the gauze in two different ways. As shown in Figure 4a , the adsorption and photocatalytic capacity of TiO2/T physical compound were lower than that of TiO2/T chemical compound, but higher than that of TiO2 gauze, which proved the enhancement function of electric field of tourmaline. Obviously, the electron capturing efficiency of TiO2/T physical compound was lower because of the less contact between TiO2 and tourmaline. Furthermore, the surface properties (SBET, Vp, Dp and grain sizes ) of TiO2/T physical compound were not improved. The TiO2/tourmaline composites prepared by sol-gel method showed more excellent photocatalytic activity.
To test the catalytic stability of the TiO2/tourmaline composites for the photocatalytic degradation of HCHO, the gauze was reused for further three runs of the photocatalytic degradation of HCHO (Figure 4b ). The removal efficiency of HCHO reached 97 % after 60 min in the first run. Even after the 4 th run, the gauze still exhibited 97% removal efficiency, indicating that the reused composite gauze remained high photocatalytic performance. Tourmaline enhanced the photocatalytic activity of TiO2 through the effect of its spontaneous electric field, the composite catalyst exhibited good reusability since there was no consumption of electric field. This high operational stability could significantly reduce the operation cost in practical applications.
Summary
The TiO2/tourmaline composites were synthesized and immobilized onto PVC gauze. The significantly improved catalytic activity of the composite gauze was attributed to the capture of photoelectrons by electric field of tourmaline and the improvement of catalyst surface performances (e.g. grain size, specific surface area and pore volume). The TiO2/tourmaline gauze has high practical application value and broad application prospect in indoor air pollution control due to its excellent catalytic activity and reusability.
